We have studied filamentation and supercontinuum generation by focusing the intense femtosecond laser pulses into an absorptive medium (CuSO 4 aqueous solution). A broad spectrum from 350 to 950 nm with a flat plateau spanning approximately from 450 to 700 nm with a flatness of 9% is obtained without any additional filters. The results indicate that the absorptive medium not only suppresses the strong surplus femtosecond laser signal but also flattens the supercontinuum spectrum efficiently. has also been explored. However, supercontinuum spectra generated in these media are characterized by a strong intensity peak at the pump central wavelength, and the spectrum is not flat enough for some applications.
Since its first observation in air 15 years ago [1] , femtosecond filamentation has stimulated extensive research activities, owing to its strong nonlinear response and applications in long-range propagation, remote sensing, and lighting control [2] . It exhibits many interesting properties, such as supercontinuum generation (SCG) [3] , conical emission [4] , intensity clamping [5] , and terahertz generation, and it acts as an energy reservoir [7] . SCG, characterized by spectral broadening from UV to near-IR (NIR), draws special attention. Because of its preserved polarization [8] and coherence length, supercontinuum can be considered as an ultrafast white-light laser [9] that shows great potential in a wide range of applied physics, including time-resolved spectroscopy, optical pulse compression, and optical parametric amplification. Until now, femtosecond filamentation and SCG have been investigated in a series of transparent materials [10] , such as air, quartz, and water. Recently, water doped with scattering polystyrene microspheres [11] or noble metal nanoparticles [12] has also been explored. However, supercontinuum spectra generated in these media are characterized by a strong intensity peak at the pump central wavelength, and the spectrum is not flat enough for some applications.
To overcome this problem, we investigated the femtosecond filamentation and SCG in a dilute copper (II) sulfate pentahydrate (CuSO 4 ) aqueous solution. A main feature of the aqueous solution has a strong absorption band covering the laser central wavelength (800 nm). Even without bandpass filters, a broad white-light supercontinuum spectrum extending from 350 to 950 nm with a flat plateau in the visible range was observed, which has not been reported in previous works, that we are aware of. Our observation could establish SCG as a promising candidate for a uniform coherent white-light source with important applications in time-resolved broadband pump-probe spectroscopy [13] and near-field spectroscopy of nanostructures [14] .
In the experiment, a femtosecond Ti:sapphire system (Legend Elite, Coherent) at a 800 nm central wavelength was used as the pump source; it generates 70 fs and 2:5 mJ pulses at a 1 kHz repetition rate. Neutral density filters were used to vary the input pulse energy. Following the filters, an iris was used for the beam diameter setting (d ∼ 1:5 mm). Then the laser beam was focused into a 70-mm-long glass cuvette filled with CuSO 4 aqueous solution (or pure water) by a convergent lens of 500 mm focal length. The beam waist at the input face of the water cell was ∼200 μm. Because the supercontinuum radiation emerging from the filaments is composed of a white-light core surrounded by divergent colored conical emission rings [a signature of filamentation, inset (b) of Fig. 1 ], an achromatic lens of 50 mm focal length was used to collimate the transmitted light into the spectrometer (USB4000, Ocean Optics). Each spectrum was averaged over 50 shots in this work.
In our experiment, we choose CuSO 4 solution as the filamentation medium for its strong absorption at the pump wavelength, as is seen from the transmission spectrum in Fig. 1 . The input pulse energy should be high enough above the concentration-dependent threshold energy of filamentation (∼15 μJ at 0:032 mol=l), so that laser pulses can rapidly collapse into filaments and generate a supercontinuum. In contrast, with lower energies, the supercontinuum start point is shifted to geometrical focus at the cuvette center, and the pulses will undergo sharp attenuation due to CuSO 4 absorption. For this reason, the input pulse energy should be set high, for example, above 15 μJ. The concentration of CuSO 4 aqueous solution used was varied from 0.016 to 0:050 mol=l in this study.
First, we measured the femtosecond supercontinuum spectrum in pure water with 36 μJ pump energy and the result is shown in Fig. 2 as a black dashed-dotted curve. The peak intensity at 800 nm is several orders of magnitude higher than those of the side wings, which has been observed in transparent materials. Usually, a bandpass filter was used to suppress the surplus pump energy, but the red edge of the supercontinuum spectrum was limited by the filter [10] [11] [12] .
Supercontinuum spectra of various CuSO 4 concentrations at the same input pulse energy (36 μJ) are also illustrated in Fig. 2 . These spectra are markedly different from that of the pure water. In the absorptive solution, the whole spectral intensity decreases with the CuSO 4 concentration increasing, and the intensity decay rate closer to the pump central wavelength is much faster. Moreover, the peak intensity at 800 nm is dropped even below the blue part of broadened spectrum at sufficient CuSO 4 concentration. The decreasing supercontinuum conversion efficiency is a result of increasing pump energy loss from CuSO 4 absorption during filamentation. Our experimental results suggest that the higher intensities near the pump central wavelength could be canceled out in CuSO 4 solution. At appropriate concentration (0:032 mol=l), it could even produce a flat spectral plateau spanning approximately from 450 to 700 nm, within 9% flatness in the visible range (Fig. 2, red solid curve) . The flat spectrum plotted in linear scale (inset of Fig. 2 ) also verifies this result. We also measured the spectra at a fixed concentration (0:032 mol=l) when the input pulse energy was changed (Fig. 3) , but the flat plateau could not be obtained. Our results indicate that there is an optimization between the input pulse energy and the CuSO 4 concentration for a flat and wide spectrum. In our experiment, the pulse energy and the CuSO 4 concentration for the flattest spectrum were set to be 36 μJ and 0:032 mol=l, respectively. In this case, a supercontinuum spectrum extending from 350 to 950 nm with a flat plateau in the visible range can be obtained without any additional filters.
Another feature of the spectra in Fig. 2 is the identical blue-edge shoulder of the asymmetrical supercontinuum upon various CuSO 4 concentrations. This indicates an identical upper limit to the intensity inside the filaments, since the maximum positive frequency shift is determined by the filament peak intensity [15] , while excess energy will be converted to conical emission. The presence of the upper limit of peak intensity (intensity clamping) is a profound physical phenomenon of femtosecond filamentation [5] . Our observations reveal that the absorption from CuSO 4 does not change the clamped intensity inside the filaments or the maximum spectral broadening. The various peak intensities at 800 nm are mainly attributed to the filtering effect of the CuSO 4 with different concentrations at the back part of the cuvette, where filaments have already terminated.
To isolate the filtering effect caused by CuSO 4 from other possible mechanisms that would result in the flat spectrum, the following experiment was carried out. The cuvette filled with CuSO 4 solution was replaced by two cuvettes of the same size, the first one containing pure water and the second one containing CuSO 4 aqueous solution of the same concentration (0:032 mol=l). Here, the beam was focused into the water in which the supercontinuum is generated. In this case, the second cuvette plays the role of an absolute filter, since intensities of both transmitted pump and supercontinuum outgoing from water are already below self-focusing critical power, due to the strong nonlinear loss (such as ionization, conical emission) and plasma defocusing in the filamentation process. The blue dotted curve in Fig. 4 shows the spectrum obtained in the filter experiment, which is found to be distinctly different from the supercontinuum spectrum directly generated in the absorptive solution (Fig. 4, red solid curve) . In the filter experiment, the obtained spectrum confronts a strong intensity attenuation around the pump central wavelength, and residual pump intensity is much lower than the visible part, even lower than that directly generated in CuSO 4 solution.
This spectral difference around 800 nm can be qualitatively understood by an intensity replenishment mechanism [16] of the filamentation. It has been shown that the filament core contains only about 10% of the total energy [17] , while most of the energy is stored in the surrounding background, known as the energy reservoir. During the light propagation, the reservoir will supply energy to refill the intense core, which experiences energy dissipation, such as multiphoton ionization and plasma defocusing. In addition to the nonlinear losses, the photon absorption caused by the CuSO 4 during filamentation also takes place in our experiment. As a consequence, more energy will be consumed from this reservoir to compensate the additional loss if the filaments are directly generated in the CuSO 4 doped solution. Therefore, the remaining intensity at the laser central wavelength is relatively higher in this case compared to the filter experiment where no energy reservoir exists. As the filamentation and SCG in the condensed matters with absorption are highly complex processes involving a spatial temporal coupling and other nonlinearity, further additional studies and numerical analysis are needed.
In conclusion, we have investigated the propagation of ultrashort intense pulses through the transparent medium with absorptive dopants (CuSO 4 ). A broadband supercontinuum spectrum extending from 350 to 950 nm with a flat plateau (with a flatness of 9%) in the visible range has been obtained without any additional filters. Our results also indicate that the absorption caused by CuSO 4 does not alter clamped intensity and spectral broadening in the filaments. Doped CuSO 4 concentration control provides a method for supercontinuum spectral tuning. Combining filaments and filters, it could be used as a widebandtunable white-light source and has many potential applications.
